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Abstract

Background and Aims: The emergence of Pseudomonas aeruginosa (P. aeruginosa)
antibiotic resistance is an important public health problem worldwide that can
negatively affect infection control. Therefore, obtaining knowledge about antibiotic
resistance mechanisms is necessary for infection control policies. This study aimed
to determine the frequency of class C and D B-lactamases in P. aeruginosa strains
isolated from patients referred to Ardabil hospitals using phenotypic and genotypic
tests.

Methods: Phenotypic detection of B-lactamases including AmpC cephalosporinase,
oxacillinase (OXA)-type extended-spectrum B-lactamases (ESBLs), and OXA-type
carbapenemases were performed using the disk diffusion-based methods. Amplifi-
cation of genes encoding classes C (ampC and FOX genes) and D (OXA-1, OXA-2,
OXA-10, OXA-23, and OXA-48 genes) B-lactamases was performed using the poly-
merase chain reaction (PCR) method. A quantitative reverse transcription PCR (qRT-
PCR) method was used to determine the expression level of the ampC gene among
multiple drug-resistant and imipenem-resistant P. aeruginosa strains.

Results: In phenotypic tests, the prevalence of AmpC cephalosporinase, OXA-type
ESBLs, and OXA-type carbapenemases were 52.5%, 7.2%, and 95.8%, respectively.
In genotypic tests, the prevalence of ampC, FOX, OXA-1, OXA-2, OXA-10, OXA-23,
and OXA-48 genes were 100%, 0%, 4.3%, 60.8%, 42%, 29.7%, and 2.9%, respec-
tively. In addition, the ampC gene overexpression was seen in 16 (33.3%) drug-
resistant P. aeruginosa clinical isolates.

Conclusion: Given the presence of class C and D B-lactamases in clinical isolates of P.
aeruginosa in Ardabil hospitals, early detection of these strains can help prevent the
spread of resistant strains in hospital environments and subsequent treatment

failure.
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1 | INTRODUCTION

Pseudomonas aeruginosa (P. aeruginosa) is a ubiquitous and
opportunistic microorganism that is found in hospital environ-
ments, especially in intensive care units, and is considered as one
of the most important etiological agents for hospital-acquired

infections.!™3

Effective therapeutic options against hospital-
acquired infections due to P. aeruginosa have been faced with
challenges due to the intrinsic, acquired and adaptive resistance
mechanisms of the bacterium to various antibiotics.* P. aerugino-
sa's intrinsic resistance to antibiotics occurs through outer mem-
brane porins and efflux pumps, acquired resistance through hori-
zontal transfer of resistance genes and mutations, as well as
adaptive resistance through biofilm formation.”> All above-
mentioned mechanisms have been assessed in clinical isolates of P.
aeruginosa obtained from hospital sources in Ardabil,~° but there
is no data on the prevalence of class C and D B-lactamase-
producing P. aeruginosa strains. Enzymatic inactivation by pB-
lactamases is responsible for resistance to B-lactam antibiotics in
clinically important Gram-negative bacteria.'* According to the
Ambler classification, class C B-lactamases, also known as AmpC -
lactamases, are cephalosporinases, which are encoded on the
bacterial chromosome.>> AmpC expression in P. aeruginosa and
some Enterobacteriaceae organisms is induced when these bacteria
are exposed to certain B-lactam antibiotics such as amoxicillin,
ampicillin, imipenem, and clavulanic acid.'* Furthermore, CMY,
ACT, DHA, FOX, and MIR are plasmid-mediated enzymes, which
belong to class C B-lactamases.!’ Class D B-lactamases in the
Ambler classification, also known as oxacillinases or OXA-type (-
lactamases, are either chromosomal or plasmid-encoded.12 Sub-
strate profiles for OXA-type B-lactamases are limited to cloxacillin,
extended-spectrum cephalosporins, and carbapenems.!! Obtain-
ing knowledge about antibiotic resistance mechanisms is needed
for infection control policies. Therefore, the present study ex-
plored the frequency of chromosomal or plasmid-encoded pB-
lactamases, i.e., AmpC and OXA-type B-lactamases, among clinical
strains of P. aeruginosa isolated from patients referred to Ardabil

hospitals.

2 | MATERIALS AND METHODS

2.1 | Collection of P. aeruginosa isolates

A total of 138 nonduplicate P. aeruginosa isolates were used in this
cross-sectional study. Specimens were collected during June 2019 to
January 2022 from outpatients or inpatients who referred to five
Ardabil University of Medical Sciences affiliated hospitals. P. aerugi-
nosa colonies were subcultured on cetrimide agar (Conda, Pronasida,
Spain), and incubated at 37°C and ambient air for 24 h. Initial iden-
tification of the blue/green colonies was done using biochemical tests
such as oxidase (+), catalase (+), urease (+), Gram staining (Gram-
negative rod), OF (oxidative), IMVIC (-, -, -, +), and TSIA (alkali/alkali

(red/red)) and then confirmed with amplification of the 16S-23S
rRNA internal transcribed spacer region.?® Antimicrobial susceptibil-
ity testing of P. aeruginosa isolates for antibiotics suggested by CLSI
(Clinical and Laboratory Standards Institute), i.e., piperacillin,
piperacillin-tazobactam, ceftazidime, cefepime, aztreonam, imipenem,
meropenem, tobramycin, amikacin, netilmicin, ciprofloxacin, levo-
floxacin, norfloxacin, ofloxacin, and colistin, was done using the disk
diffusion and agar dilution methods.”'* P. aeruginosa ATCC 27853
and Escherichia coli ATCC 25922 were used as the quality controls.

2.2 | Phenotypic detection of AmpC B-lactamase
production

Phenotypic detection of AmpC B-lactamase production in P. aerugi-
nosa was screened in all P. aeruginosa isolates using cefoxitin disk
diffusion method.'® Isolates showing reduced susceptibility to ce-
foxitin, i.e., zone of inhibition growth < 18 mm, were selected for the
phenotypic confirmatory test of AmpC enzyme production using
inhibitor-based method.*® For this purpose, a cefoxitin disk (FOX,
30 ug) (Padtan Teb, Iran) was placed adjacent to a cefoxitin disk
containing phenylboronic acid (Sigma-Aldrich, Germany) (30/300 ug),
at a distance of 30 mm, on plate of Mueller-Hinton Agar (Conda,
Pronasida, Spain), which was already inoculated with P. aeruginosa
suspension (0.5 McFarland turbidity). After an overnight incubation, a
zone of growth inhibition =5 mm around the cefoxitin-phenylboronic
acid disk, compared to the cefoxitin disk alone, indicated AmpC -
lactamase production.

2.3 | Phenotypic detection of OXA-type ESBLs
production

A combined double-disk synergy test was performed for evaluating
the possible presence phenotypic of OXA-type extended-spectrum
B-lactamases (OXA-type ESBLs) in P. aeruginosa isolates.!” Briefly,
ceftazidime (CAZ, 30ug) plus ceftazidime-clavulanate (30/10 pg)
(PadtanTeb, Iran) and cefotaxime (30 ug) plus cefotaxime-clavulanate
(30/10 pg) (Padtan Teb, Iran) disks were placed 20 mm apart from
center to center on Mueller-Hinton Agar medium. After an overnight
incubation, a zone of growth inhibition =5 mm around the combina-
tion disks, compared to ceftazidime and cefotaxime disks alone,
indicated the ESBLs production. However, as the presence of
inducible chromosomal AmpC B-lactamase can obscure the ESBLs
identification in P. aeruginosa, hence, a combined double-disk synergy
test was performed again for AmpC positive and ESBLs negative
isolates using an inhibitor of AmpC B-lactamase overproduction, i.e.,
phenylboronic acid. For this purpose, ceftazidime disk vs ceftazidime
disk containing phenylboronic acid and ceftazidime-clavulanate disk
vs ceftazidime-clavulanate disk containing phenylboronic acid were
used and then a zone of inhibition growth = 5 mm around the com-
bination disks considered as the AmpC and ESBL positive P.

aeruginosa.
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2.4 | Phenotypic detection of OXA-type
carbapenemase production

Phenotypic presence of OXA-type carbapenemase enzymes among
imipenem-resistant isolates (n=78) was performed by double-disk
synergy test.?® For this purpose, imipenem (10 pg) (Padtan Teb, Iran)
plus imipenem-EDTA (10 ug/750 ug) (Cypress Diagnostics, Belgium)
disks were placed 20 mm apart from each other on Mueller-Hinton
Agar medium. After an overnight incubation, a zone of growth inhi-
bition 27 mm around the imipenem-EDTA disk indicated carbape-

nemase production.

2.5 | Genotypic detection of AmpC and OXA-type
B-lactamases producing P. aeruginosa

DNA extraction was carried out using the boiling method. Amplifi-
cation of genes encoding class C (ampC and FOX genes) as well as D
B-lactamases including OXA-type ESBLs (OXA-2 and OXA-10 genes),
OXA-type carbapenemases (OXA-23 and OXA-48 genes), and broad-
spectrum B-lactamase (OXA-1 gene) were performed by the Poly-
merase Chain Reaction (PCR) method (Applied Biosystems™ Veriti™
Thermal Cycler). PCR reactions were done in a total volume of 25 pL
(20 pL of PCR Master Mix (Ampligon, Denmark), 2 uL of each primer
(10 umol/L) (Metabion, Germany), and 3uL of extracted DNA).
Amplification conditions for each gene were listed in Table 1. PCR
products were visualized on 1% agarose gel using the electrophoresis
technique and then the presence of desired genes was confirmed
using the sequencing method.

2.6 | Expression of ampC gene

A quantitative reverse transcription PCR (qRT-PCR) method was used
to determine the level of transcription of the ampC gene in multiple
drug-resistant and imipenem-resistant P. aeruginosa strains (n = 48) by
LightCycler® System (Roche Diagnostics). Each reaction was per-
formed in a final volume of 20 uL containing 10 uL of SYBR Green
PCR Master Mix without ROX™ (Ampligon, Denmark), 2 uL of each
primer (10 umol/L) (Metabion, Germany), 1 uL of cDNA, and 7 uL of
DEPC-treated water. Primer sequence and gRT-PCR conditions were
presented in Table 1. In this study, total RNA was extracted from
overnight bacterial cultures using the RNA extraction kit (Favorgen,
Taiwan) and their concentration and quality were determined by
NanoDrop 2000c Spectrophotometer (Thermo Scientific, USA). For
cDNA synthesis, 1 pg of extracted RNA was used for reverse tran-
scription reaction with oligo (dT) and random hexamer primers
(50 uM) according to the manufacturer's instructions (YTA, Iran). The
30S ribosomal protein S12 (rpsL housekeeping gene) was served as
the internal control. The wild-type P. aeruginosa ATCC 27853 was
used as the susceptible reference strain. Analysis of the relative ex-
pression of ampC gene was done using the 2722t method. The ampC

gene was considered overexpressed when the transcriptional mRNA
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level was 210-fold higher than that of the reference strain.?® All qRT-

PCR reactions were performed in duplicate.

2.7 | Statistical analysis

Associations between different OXA-type genes and ampC gene
expression with the phenotypic antibiotic resistance were assessed
using the Chi-square test and SPSS software (version 16). A p-value

of <0.05 was considered statistically significant.

3 | RESULTS

The prevalence of resistance of 138 P. aeruginosa strains to different
antibiotics was as follows: piperacillin 49/138 (35.5%), piperacillin-
tazobactam 39/138 (28.3%), ceftazidime 52/138 (37.7%), cefepime
56/138 (40.6%), aztreonam 17/138 (12.3%), imipenem 78/138
(56.5%), meropenem 55/138 (39.9%), tobramycin 51/138 (37%),
amikacin 49/138 (35.5%), netilmicin 84/138 (60.4%), ciprofloxacin
66/138 (47.8%), levofloxacin 68/138 (49.3%), norfloxacin 66/138
(47.8%), ofloxacin 87/138 (63%), and colistin 16/138 (11.6%).
Demographic information of the 138 collected P. aeruginosa isolates
is presented in Table 2. According to the results of screening tests for
AmpC B-lactamase production, all isolates (100%) revealed a reduced
susceptibility to cefoxitin (zone of inhibition growth <18 mm)
(Figure 1A). These results are in consistence with the PCR results
where all P. aeruginosa strains showed the ampC (279 bp) gene
(Figure 2). However, 52.5% (63 of 120) of these isolates were AmpC
B-lactamase positive in the phenotypic confirmatory test (Figure 1A).
It is noteworthy that the frequency of plasmid-mediated AmpC -
lactamase, i.e., FOX gene, among P. aeruginosa isolates was 0%.

The ampC gene expression was assessed among 48 multiple
drug-resistant and imipenem-resistant P. aeruginosa strains using the
gRT-PCR. As shown in Figure 3, an increased gene expression was
detectable in all 48 P. aeruginosa isolates in comparison with the
reference strain P. aeruginosa ATCC 27853. However, the ampC gene
overexpression among 16 (33.3%) drug-resistant P. aeruginosa clinical
isolates was significant (> 10-fold). There was a significant associa-
tion between the increase in ampC gene expression and resistance to
tested B-lactam antibiotics i.e., piperacillin (p =0.013), piperacillin-
tazobactam (p < 0.001), ceftazidime (p = 0.048), cefepime (p = 0.008),
imipenem (p = 0.001), and meropenem (p = 0.004).

ESBL-positive strains were not detected among the 138 P. aer-
uginosa isolates in the combined double-disk synergy test when an
inhibitor of AmpC B-lactamase, phenylboronic acid, was not used
(Figure 1A). However, 10 (7.2%) of the tested strains were ESBL-
positive in the presence of phenylboronic acid (Figure 1B). In the
current study, the prevalence of genes encoding OXA-type ESBLs
among P. aeruginosa isolates was as follows: OXA-2 60.8% (84 of 138)
and OXA-10 42% (58 of 138). There was a significant association
between the presence of OXA-2 gene and resistance to ceftazidime

(p=0.031) and meropenem (p <0.001) as well as between the
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TABLE 2

AmpC B-lactamase

Multidrug-

overproduction n (%)

Genotypic resistance profiles n (%)

resistant n (%)

Phenotypic resistance profiles n (%)

n (%)

Data

OXA-1 0(0%), OXA-2 0 (0%), OXA-10 0 (0%), 0 (0%)

OXA-23 0 (0%), OXA-48 0 (0%)

PIP O (0%), TZP 0 (0%), CAZ 0 (0%), FEP 0 (0%), ATM 0 (0%), IMP O 0 (0%)

1 (0.7%)

Qaem

(0%), MEM 0 (0%), TOB 0 (0%), AMK 0 (0%), NET 0 (0%), CIP 1 (1.5%),

LVX 0 (0%), NOR 0 (0%), OFX 1 (1.1%), CST 0 (0%)

0 (0%)

OXA-1 0 (0%), OXA-2 0 (0%), OXA-10 0 (0%),

OXA-23 0 (0%), OXA-48 0 (0%)

PIP O (0%), TZP 0 (0%), CAZ 0 (0%), FEP 0 (0%), ATM 0 (0%), IMP O 0 (0%)

2 (1.4%)

Fatemi

(0%), MEM 0 (0%), TOB 0 (0%), AMK 0 (0%), NET 0 (0%), CIP 0 (0%),

LVX 0 (0%), NOR 0 (0%), OFX 1 (1.1%), CST 0 (%)

1 (6.3%)

OXA-1 0 (0%), OXA-2 5 (6%), OXA-10 2 (3.4%),

OXA-23 0 (0%), OXA-48 0 (0%)

1 (1.5%)

PIP 1 (2%), TZP 0 (0%), CAZ 0 (0%), FEP 1 (1.8%), ATM 0 (0%), IMP 2

5 (3.6%)

Sabalan

(2.6%), MEM 1 (1.8%), TOB 1 (2%), AMK 1 (2%), NET 1 (3.1%), CIP O
(0%), LVX 1 (1.5%), NOR 1 (1.5%), OFX 1 (1.1%), CST 1 (6.3%)

Abbreviations: AMK, amikacin; ATM, aztreonam; CAZ, ceftazidime; CIP, ciprofloxacin; CST, colistin; FEP, cefepime; IMP, imipenem; LVX, levofloxacin; MEM, meropenem; NET, netilmicin; NOR, norfloxacin;

OFX, ofloxacin; PIP, piperacillin; TOB, tobramycin; TZP, piperacillin-tazobactam.
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presence of OXA-10 gene and resistance to piperacillin, piperacillin-
tazobactam, ceftazidime, cefepime, aztreonam, imipenem, and mer-
openem (p < 0.001).

Among the 138 clinical isolates of P. aeruginosa, the prevalence
of imipenem-resistant P. aeruginosa was 56.5% (n = 78). Based on the
double-disk synergy test, 95.8% (46 of 48 imipenem-resistant strains)
of P. aeruginosa isolates were carbapenemase producers (Figure 1C).
In addition, the prevalence of genes encoding OXA-type carbape-
nemases was as follows: OXA-23 29.7% (41 of 138) and OXA-48
2.9% (4 of 138). There was no significant association between the
presence of OXA-23 and OXA-48 genes and resistance to anti-
biotics (p > 0.05).

It is noteworthy that the prevalence of P. aeruginosa strains
positive for OXA-1 gene was 4.3% (6 of 138).

Frequency of genes encoding various B-lactamases among
multiple drug-resistant P. aeruginosa strains (n = 67) was as follows:
OXA-1 (7.5%), OXA-2 (65.1%), OXA-10 (65.1%), OXA-23 (34.8%),
and OXA-48 (4.5%). In addition, the frequency of genes encoding
various pB-lactamases among imipenem-resistant P. aeruginosa
strains (n=78) was as follows: OXA-1 (7.6%), OXA-2 (67.9%),
OXA-10 (64.1%), OXA-23 (33.3%), and OXA-48 (3.8%).

The accession numbers in the GenBank database for detected
genes are ON920993 and OP651437 to OP651440.

4 | DISCUSSION

According to our previous study and current findings, the prevalence
of P. aeruginosa strains resistant to multiple antibiotics, including
multidrug-resistant (MDR), extremely drug-resistant (XDR), and
pandrug-resistant (PDR) strains, is increasing in Ardabil hospitals.? A
systematic review and meta-analysis estimated the prevalence of
MDR P. aeruginosa in Iran was 58% (48.5% in this study).?” These
findings are in accordance with assessments of the Centers for Dis-
ease Control and Prevention that announced the emergence of MDR
P. aeruginosa as a serious antibiotic resistance threat in the world.?®
Therefore, gathering precise epidemiological data on P. aeruginosa
resistance mechanisms, especially the production of B-lactamases
including AmpC, ESBL, and carbapenemase enzymes, is required for
infection control policies and proper patient management. On the
other hand, the importance of genotypic identification of these en-
zymes is due to the fact that many of B-lactamase-producing strains
indicate a susceptible phenotype in antimicrobial susceptibility
testing.??

Drugs of choice for the treatment of MDR P. aeruginosa infection
are carbapenems.’® However, the emergence of carbapenem-
resistant P. aeruginosa strains is a serious threat to human health in
the world.2° In this study, the prevalence of imipenem-resistant P.
aeruginosa was high (56.5%) which is similar to the prevalence of
imipenem-resistant P. aeruginosa among the Iranian population
(54%).3! In addition to the low permeability of the outer membrane
and the presence of efflux pumps, carbapenemase and AmpC -
lactamase enzymes are involved in resistance to carbapenems.®?
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FIGURE 1 Phenotypic detection of AmpC B-lactamase (A), OXA-type ESBLs (B), and OXA-type carbapenemases (C) in clinical isolates of
P. aeruginosa. FOX: cefoxitin, FOX-BRO: cefoxitin plus phenylboronic acid, CTX: cefotaxime, CTC: cefotaxime-clavulanate, CAZ: ceftazidime,
CAZ-BRO: ceftazidime plus phenylboronic acid, CZA: ceftazidime-clavulanate, CZA-BRO: ceftazidime-clavulanate plus phenylboronic acid.

FIGURE 2 Results of gene amplification in the PCR method. Lane
1: ampC (279 bp), Lane 2: OXA-1 (909 bp), Lane 3: OXA-2 (701 bp),
Lane 4: OXA-10 (775 bp), Lane 5: OXA-23 (513 bp), Lane 6: OXA-48
(438 bp), and Lane M: ladder (100 bp).

However, the contribution of each of these resistance mechanisms is
not clearly defined. In this study, the prevalence of AmpC-producing
P. aeruginosa isolates was 52.5% in the phenotypic test, while other
studies reported as follows: 46.9% by Novyal et al.,*2 20.3% by Salimi
et al.,*? 36% by Chika et al.,®% and 15.3% by Goel et al.?? Differences
in these results can be attributed to the difference in phenotypic
detection techniques. There is no standard method recommended by
the CLSI guideline to describe isolates producing AmpC B-lactamase.
On the other hand, this study demonstrated that the overproduction
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FIGURE 3 The overproduction of chromosomal AmpC
cephalosporinase among drug-resistant P. aeruginosa clinical isolates.
An increased level of the ampC gene transcription was observable
among P. aeruginosa isolates. Each red circle represents a clinical
strain.

of chromosomal AmpC cephalosporinase is involved in the emer-
gence of P. aeruginosa isolates resistant to carbapenems and MDR
strains. Similar results in accordance with our study were reported by
others.?% Lee et al. reported that AmpC overexpression (47.4%) was
significantly associated with carbapenem resistance in P. aeruginosa
isolates.® Cabot et al. estimated the prevalence of the ampC gene
overexpression among nonsusceptible P. geruginosa isolates to mer-
openem to be 60%.54

As mentioned above, the OXA-type carbapenemases, to a lesser
extent, can be involved in the resistance of P. aeruginosa to carba-
penems.3> Among imipenem-resistant P. aeruginosa strains, 95.8% of
the isolates were carbapenemase producers. The prevalence of car-
bapenemase in the phenotypic tests in our study was higher than that
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reported in other studies from Iran,%? India, USA, Spain, Korea, and
Saudi Arabia.®®> The prevalence of genes encoding OXA-type carba-
penemases in this study was 29.7% for OXA-23 gene and 2.9% for
OXA-48 gene. Bahrami et al. reported that 12.5% of carbapenem-
resistant P. aeruginosa strains were OXA-48-positive.3¢

Unlike AmpC B-lactamase and carbapenemases, ESBLs have no
effect on carbapenems.®2 The most common ESBLs reported in P.
aeruginosa are OXA-type B-lactamases. We found that 7.2% of P.
aeruginosa isolates were ESBL-positive in the phenotypic test. The
prevalence of ESBL-producing P. aeruginosa strains in other studies
was as follows: Salimi et al. 12.5%,32 Goel et al. 42.3%,%° Tawfik et al.
69.4%,% and Aria et al. 61%.3” OXA-type ESBLs are mainly derived
from OXA-2 and OXA-10 genes.® In the current study, the preva-
lence of OXA-2 and OXA-10 genes were 60.8% and 42%, respec-
tively. Tawfik et al. reported that the prevalence of OXA-10 ESBL in
P. aeruginosa was 56% in Saudi Arabia.>® In a study conducted by
Jabalameli et al. in Iran, the most prevalent ESBL gene was OXA-10
(70%).%8 Aria et al.>” and Alipour et al.>’ reported that 32.3% and
87.6% of P. aeruginosa were positive for OXA-10 gene, respectively.

The prevalence of OXA-2 gene in other studies was as follows:
Aria et al. 10.3%°7 and Alipour et al. 4.7%.%°

5 | CONCLUSION

The current study reported the presence of P. aeruginosa strains pro-
ducing AmpC cephalosporinase, OXA-type ESBLs, and OXA-type car-
bapenemases in clinical strains isolated in Ardabil hospitals. In addition,
the ampC gene overexpression plays a key role in the emergence of
carbapenem-resistant and MDR P. geruginosa strains in our region. Gi-
ven that P. aeruginosa is an important hospital-acquired pathogen, the
implementation of genotypic methods as a routine test in hospital lab-
oratories for the identification of B-lactamase-producing strains can help

prevent the spread of resistance strains and ensuing treatment failure.
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